T
HE leukotrienes are biologically active compounds involved as mediators of hypersensitivity reactions. First described in 1938, they were referred to as the "slow-reacting substances of anaphylaxis" until their structures were finally elucidated in 1979. 517 Leukotrienes C4 and D4 are potent constrictors of airway smooth muscle in guinea pig, j9 monkey, 35 and human preparations) ~ Their effect on the pulmonary airway is 100 to 1000 times more potent than that of histamine or the prostaglandins. Leukotrienes C4 and D4 were found to produce prompt and dose-dependent constriction of arterioles and to increase vascular permeability in the cheek pouch of guinea pigs. 9 Leukotriene B4 is chemotactic for polymorphonuclear leukocytes, and causes leukocyte adhesion to endothelial cells of postcapillary venules. 9 More recently, a possible role has been suggested for the leukotrienes in central nervous system (CNS) pathophysiology, such as cerebral edema formation following stroke, vasospasm following subarachnoid hemorrhage (SAH), and seizure activity. For example, leukotrienes C4 and D4 are synthesized in gerbil forebrains after ischemia and reperfusion. 3~ Also, leukotrienes B4 and C4 are synthesized in vitro by mouse 12 and rat 1~ cortical brain slices, respectively. Leukotrienes have been shown to constrict mouse pial vessels when applied topically in vivo. 34 They also increase water accumulation in the ischemic cortex of baboons when infused intra-arterially (leukotriene C4), 18 and excite cerebellar Purkinje neurons when applied iontophoretically (leukotrienes Ca and D4). 32 The following experiments were undertaken in an attempt to better define the conditions under which synthesis of immunoreactive leukotriene (also referred to as "immunoreactive slow-reacting substance") occurs in the brain, and to clarify the site of origin of leukotrienes in the CNS.
Materials and Methods
Mongolian gerbils (Meriones unguiculatus), each weighing 50 to 70 gm, were allowed free access to food and water, and kept under diurnal light conditions for up to 3 weeks before the experiments were performed. Gerbils were chosen for the initial ischemia studies because they lack a complete anatomical circle of Willis and thus a large percentage of animals lack collateral flOW, 22
Subarachnoid Hemorrhage
A single animal was sacrificed and blood was withdrawn from the right atrium. This blood was left undisturbed for 5 minutes at room temperature and was then homogenized to resuspend the clot. Gerbils were lightly anesthetized with diethyl ether, the scalp was incised, and a hole was drilled with a No. 20 needle through the calvaria over the right hemisphere 4 mm lateral to the sagittal suture and 2 mm posterior to the coronal suture. Then 10 ul of blood or normal saline was injected into the lateral ventricle using a Hamilton syringe with a depth guide to ensure a depth of 3 mm. (Preliminary studies using the above coordinates for injection of Evans blue dye revealed that the dye had dispersed throughout the ventricular system and covered the base of the brain and both convexities 5 minutes after injection.) Following anesthesia with ether, the animals were sacrificed at 15, 30, and 60 minutes, 4 and 24 hours, and 4 and 7 days after injection by immersion of their heads in liquid nitrogen for 45 seconds and decapitation. The brains were removed while frozen and stored at -70~ until assayed (see below). Aliquots of 10 ul each of the blood used for injection were also assayed separately.
Concussive Brain Injury
Gerbils were lightly anesthetized with diethyl ether, the scalp was incised, and the right hemicranium was carefully removed using a small needle and microscissors. The animal's head was held in a small frame for stability. A 10-gm weight was dropped a distance of 25 cm onto a contact surface of 49 sq mm. This allowed an impact of 250 gm-cm to be delivered to each animal. After impact, the scalp was closed and the animal allowed to recover from anesthesia. The animals were sacrificed at 15, 30, and 60 minutes, and at 2 and 4 hours following trauma. A control group of animals underwent hemicraniectomy without the impact trauma. Animals were sacrificed as described above.
Origin of Leukotrienes in the CNS
Cerebral ischemia was induced as described previously. 3~ Briefly, the common carotid arteries were clamped bilaterally with vascular clips. This was accomplished through a midline incision in the neck of animals lightly anesthetized with diethyl ether. Clips were applied for 15 minutes and then removed to allow reperfusion for 15 minutes. Brains have been shown previously to contain peak leukotriene levels at these time intervals. 3~ The animals were immediately decapitated, the brains removed and cooled on ice, and the pial and major cerebral vessels were harvested without washing using a dissecting microscope. They were then frozen and stored at -70~ until assayed. Because of the small yield of tissue, vessels from 15 animals were pooled before assaying.
Radioimmunoassay
Frozen brains were weighed, placed in 2.5 ml of cold ethanol, homogenized on ice with the Polytron C homogenizer* at a setting of 5 for 3 minutes, and centri-* Polytron C homogenizer manufactured by Brinkman Instruments Co., Cantiague Road, Westbury, New York. Results shown are from a representative experiment; each experiment was repeated three times. At every time point measured after subarachnoid hemorrhage there was a statistically significant elevation of iSRS versus baseline (p < 0.0001) and versus results with a normal saline injection (p < 0.005).
fuged at 12,000 rpm for 10 minutes at a temperature of -20~ Supernatants were then dried under nitrogen. Analyses for immunoreactive slow-reacting substance were performed by radioimmunoassay with an antiserum to leukotriene C4 as reported elsewhere. 25 Leukotrienes C4 and D4, 11-trans-leukotriene D4, and leukotriene E4 react 100%, 43%, 48%, and 6%, respectively, with this antiserum. All assays were performed in 3.5-ml polypropylene test tubes. The diluent for all reagents was 0.1 M Tris-HCl (pH 7.4) containing 0.014 M NaC1 and 0.1% gelatin.t
Results

Subarachnoid Hemorrhage
Subarachnoid injection of 10 ul of blood produced a marked and significant elevation of immunoreactive slow-reacting substance in the gerbil brain, with a peak (6.82 ng/gm brain) occurring at 15 minutes post-SAH. Values returned to baseline levels by 24 hours. Levels of immunoreactive slow-reacting substance in 10 #1 of injectate were 0.62 _ 0.1 ng/10 #1 blood (mean + standard error), and baseline levels in normal brain were 0.7 _ 0.1 ng/gm brain. Injection of normal saline produced only a slight elevation in levels of immunoreactive slow-reacting substance (Fig. 1) .
Concussive Brain Injury
Concussive brain injury produced an elevation in brain levels of immunoreactive slow-reacting substance, which persisted for more than 4 hours following the insult. The peak elevation occurred at 30 minutes after injury and reached a level of 12.42 _+ 5.09 ng/gm brain. Brain levels of immunoreactive slow-reacting substance in normal animals were 0.7 _+ 0.4 ng/gm brain as compared to levels of 1.61 + 0.15 ng/gm brain in control animals with hemicraniectomy (Fig. 2) .
The time to recover from anesthesia was not appreciably prolonged in the group with concussive brain injury compared to control animals with hemicraniectomy, but a majority of the animals did exhibit an abnormal circling behavior which we have seen previously with ischemic animals. Traumatized animals exhibited macroscopic swelling of the right hemisphere.
Origin of Leukotrienes in the CNS
Gerbil cerebral vessels contained 600 ng/gm wet weight immunoreactive slow-reacting substance. Immunoreactive slow-reacting substance is produced by gray matter at a rate of 110 ng/gm wet weight, and by white matter at a level below assay sensitivity (less than 0.2 ng/gm wet weight), Because cerebral vessels account for only 2% to 5% of brain wet weight (the lower value is probably more accurate for gray matter, which was sampled without contamination by major cerebral vessels), they would account for only 12 to 30 ng of the immunoreactive slow-reacting substance produced by gray matter; that is, only 10% to 27% of production in gray matter could be accounted for by vessels and their contents.
Discussion
The release of arachidonic acid from the cell membrane is the rate-limiting step in the enzymatic biosynthesis of the prostaglandins (including thromboxane and prostacyclin) by cyclo-oxygenase or of the leukotrienes by lipoxygenase 4~ (Fig. 3) . Levels of free arachidonic acid and its metabolites are normally low in the basal physiological state? Arachidonic acid is released from the membrane phospholipid pool by a variety of perturbations to the cell, including ischemia, 3 seizure activity, 2 hypoglycemia,~ and trauma. 2~ The mechanism by which arachidonate is released is cell-specific and involves a receptor activation which initiates a series of calcium-dependent reactions in the plasma membrane. 2~ Several pathways have been described, 4 most notably the release of arachidonic acid by phospholipase A2 or phospholipase C. Arachidonic acid released from brain following ischemia is derived from pools of both phosphatidylinositol and phosphatidylcholine. 27 Leukotrienes are produced by polymorphonuclear leukocytes, 5 mastocytoma cells, 3~ rat peritoneal macrophages, 26 whole-lung preparations, 29 and leukemia cells. 2s Leukotrienes C4 and D4 have also been shown to be synthesized by porcine vascular tissue and guinea pig aorta. 33 Determining the cell of origin for leukotriene production in the CNS has been problematic. Although evidence suggests that arachidonic acid metabolism in brain occurs primarily in cerebral vessels rather than neural or glial elements, ~5'6 this study indicates that cerebral vessels and their contents (such as polymorphonuclear cells) are not the sole source of leukotrienes in the CNS. In the gerbil forebrain, leukotriene production occurs primarily in the gray matter. 3~ This study demonstrates that gerbil cerebral vessels (including blood) produce insufficient quantities of leukotriene to account for the total increase seen in forebrain following ischemia and reperfusion. Leukotriene production therefore occurs primarily in a nonvascular component found specifically in gray matter, possibly the cortical neuron. This hypothesis is supported by the finding that rabbit retina, a nonvascular neuronal tissue, is also capable of producing leukotrienes (unpublished observation).
In this study, leukotrienes were significantly increased following experimental SAH in the gerbil. Leukotriene production following SAH is stimulated in brain by contact with systemic blood. Leukotriene levels peak at 15 to 30 minutes and return to baseline by 24 hours; they would therefore be temporally associated with early vasospasm seen following SAH. Over a dozen substances in circulating blood have been implicated in the production of early vasospasm following SAH. TM Several investigators have examined the possible role of prostaglandins in cerebral vasospasm, 6'24'39'42 but, until recently, the leukotrienes have been less well studied in this regard. In one study, leukotrienes Ca and D4 failed to contract or relax human cerebral arteries at autopsy. 38 Another study showed that leukotriene D4 constricted cerebral arteries from rats and humans. 37 Leukotrienes B4, Ca, and D4 have been shown to constrict mouse pial arterioles when applied topically in 12ivo. 34 These studies suggest a possible role for the leukotrienes in mediating cerebral vasospasm.
There are no previous published data concerning the leukotrienes in concussive brain injury. This study demonstrated a significant elevation in leukotriene levels in the gerbil brain following nonlethal concussive brain injury that was associated with macroscopic brain swelling and altered behavior. Concussive brain injury has been shown to liberate cyclo-oxygenase products of arachidonic acid ~3 and oxygen free radicals, 4~ both of which may have deleterious effects in the CNS. Elevations of prostaglandin levels in cats following concussive head injury occur early and return to control values by 1 hour postinjury) 4 A 100% increase in prostaglandin F2, has been reported in cat spinal cord after traumatic injury produced by dropping a weight on the exposed dura of the cord. 2 The effects of these compounds on cerebral vessel tone and reactivity (such as posttraumatic vasospasm), alterations of cerebral blood flow, edema formation, altered platelet aggregation, and other pathophysiological changes following head injury have been reviewedfl ~' 23 Leukotriene production has been observed in gerbil forebrain following ischemia and reperfusion. This is the first report to describe leukotriene production in the gerbil brain following SAH or concussive brain injury. It substantiates earlier studies showing that cerebral vessels are capable of producing leukotrienes. It also shows that a component of gray matter, probably the neuron, is responsible for most of the leukotriene production in these models. The precise role of the leukotrienes in cerebral vasospasm, brain edema formation, seizure activity, and other CNS pathophysiology remains open to further investigation.
